H 2 permselective silica hybrid membranes were successfully prepared by using a novel deposition method. H 2 /SF 6 permeances ratio was over 3000 through the membrane prepared by a PrTMOS/O 3 counter diffusion CVD method at 270°C. H 2 permeance through this membrane was 9.1 x 10 7 mol m 2 s 1 Pa 1 that is two orders higher than that through a silica membrane prepared by a TMOS/O 2 counter diffusion CVD method at 600 °C. A high H 2 permeance membrane was obtained from high O 3 concentration during the deposition. Effects of deposition temperatures were investigated. Deposition temperature was important parameter to control pore size of the membrane. H 2 permselctive membrane was obtained at 240°C deposition, while N 2 permselective membrane was obtained at 270°C deposition. Pore size of the membranes increased with increasing the deposition temperatures upto270°C.
INTRODUCTION
High temperature H 2 separation is essential technique to realize H 2 energy systems. Membrane separation is an efficient separation method. Many research groups have been developing H 2 permselective membranes especially for inorganic membranes. Dense Pd membranes show very high H 2 permeances and H 2 permselectivities [1] . Pd is a precious metal, thus, H 2 permselective membranes have been developedby using silica as a membrane material [2] . Several research groups have been developing silica membranes by using a CVD method [39] . A counter diffusion CVD method is a novel method to obtain uniform silica membranes. Fig. 1 shows the schematic diagram for a counter diffusion CVD method. Two reactants are provided from the opposite side of a porous substrate. The most important point of this method is that the silica deposition reaction stops by the diffusion limitation due to the silica deposition. Thus, a uniform thin membrane can be automatically obtained. We had developed silica membranes by using a high temperature (600°C) counter diffusion CVD method [79] . In order to improve H 2 permeance, pore size control is required. In this study, pore size control of silica hybrid membranes were investigated by changing deposition temperatures and reactant concentrations.
EXPERIMENTALS Tetramethoxysilane
(TMOS) and Propyl trimethoxysilane (PrTMOS) were used as a silica precursor (ShinEtsu Chem. Co.). Fig. 2 shows the schematic diagram of an apparatus for the counter diffusion CVD method. Porous γalumina capillary substrates (effective length: 50 mm, φ:2.8 mm, pore size: 4 nm) were provided by NOK Co.. The γalumina substrate was placed in a membrane module in a furnace. The deposition temperatures was kept between 150 and 400°C that was controlled by the thermocouple placed in the center of the membrane module. The temperature of the precursor bottle was kept at 45 °C, and the precursor vapor was bubbled by nitrogen at the rate of 0.2 L min 1 . The precursor vapor was provided to outside of the substrate. O 3 in O 2 (O 3 concentration:2.1 -3.0 mol m 3 : ZOSYB6G, Syoken Co.) was introduced into the inside of the substrate at the O 2 rate of 0.2-0.8 L min
1
. CVD was carried out for 90 min.
Single gas permeances of H 2 , N 2 , SF 6 ,C 3 H 6 and C 3 H 8 were measured at the deposited temperatures of the 3. RESULTS AND DISCUSSIONS 3.1 Powder analysis First, decomposition properties of the silica precursors were tested bythermogravimetric (TGA) analysis using hydrolysis powders of TMOS and PrTMOS. Fig.3 shows the weight losses of the TMOS and PrTMOS powder samples. Weight losses for both samples at about 100 °C must be desorption of physically adsorbed water. No significant weight loss was found for the TMOS sample above 100 °C, showing that hydrolyzation was completely finished for the TMOS sample. There were two weight losses for the PrTMOS sample found at around 300 °C and 400 °C. These losses are explained by decompositions of propyl groups of PrTMOS powder. 3.2Effects of O 3 concentrations Reactant concentration, especially for O 3 , is an important parameter for the deposition properties of a counter diffusion CVD method. Fig. 5 shows the relationship of single gas permeances and kinetic diameters of the permeate gases at 320°C. The permeances through a substrate and the previous data [7] were also shown in the same figure. H . H 2 /N 2 and H 2 /SF 6 permeance ratios were 15 and 1650, respectively. H 2 /N 2 permeance ratio decreased from the previous report, however, H 2 permeances increased by more than 4 times. This is explained by the lager pore size of the O 3 deposited membrane. Kinetic diameter of SF 6 and C 6 H 6 is the similar. Thus, this membrane can be applied for H 2 /C 6 H 6 separation. The closed circles shows the permeances through the membrane deposited from 3.0 mol m 3 of O 3 concentration. H 2 /N 2 and H 2 /SF 6 permeance ratios were 13 and 3030, respectively. These are similar to those through the membrane deposited by 2.1 mol m 3 of O 3 concentration. While H 2 permeance was 9.1 x 10 7 mol m 2 s 1 Pa 1 that is one order larger than that through the previous data [7] .Total flux through the membrane was improved by increasing O 3 concentration during the deposition. This is explained by the thin silica deposition due to high O 3 concentration. Fig.6 shows that the single gas permeation results through the membranes deposited between 150°C and 320°Cat O 3 concentration of 3.0 mol m 3 . Permeation measurements were carried out at the deposited temperatures. H 2 /N 2 permeanceratioshows the maximum value at the 240 °C deposition.The pore sizes of the membrane were estimated at about 0.3 nm by the kinetic diameter of H 2 (0.29 nm) and N 2 (0.36 nm).There were little carbons found at the 240 °C treatment from the IR measurements(shown in Fig. 4 at around 3000 cm −1 for CH bond). Silica thin films show H 2 permselectivity. The carbons from the silica source in the deposited membrane must be decomposed by O 3 . H 2 /SF 6 permeances ratio shows the maximum value (9200) at 270 °C of the deposition. This value is much larger than that forthe Knudsen diffusion (H 2 /SF 6 = 8.5). Pore sizes of the membrane deposited at 270 °C should be controlled at about 0.5 nm by the kinetic diameter of N 2 and SF 6 (0.55 nm).There were much carbons found at the 270 °C treatment compared from the 240 °C treatment (shown in Fig.4) showing that the decomposition rate of carbons were slower at the high temperature deposition. This can be explained that the lower O 3 concentration at higher temperature. According to the TGA measurement of PrTMOS powders (shown in Fig. 3) , decomposition of propyl groups on SiO 2 is started at about 300 °C. Thus, propyl groups from the silica source N 2 permselective membranes were obtained from deposition at the decomposition temperatures of propyl groups.
3.3Effects of decomposition temperatures
H 2 /SF 6 permeance ratios were over 1000 with high H 2 permeances (1.1 -3.6 x 10 7 mol m 2 s 1 Pa 1 ) through the membranes deposited between 180 °C and 270 °C. These membranes are suitable for low temperature H 2 separation from large molecules such as C 6 H 6 .One of the applications for this type of membrane is H 2 production from organic hydrides.C 6 H 12 decomposition reaction (C 6 H 12 = C 6 H 6 + 3H 2 ) is usually carried out at about 200 °C. Thus, H 2 should be removed from C 6 H 12 and C 6 H 6 at around 200 °C. Relationship for C 3 H 6 /C 3 H 8 permeance ratios and N 2 /SF 6 permeance ratios through the silica hybrid membranes deposited between 150 °C and 400 °C 3.4Permeation properties of the other hydrocarbons C 3 H 6 /C 3 H 8 separation and C 6 H 6 /C 6 H 12 separation were investigated using PrTMOS membranes. Fig. 7 shows single gas permeances of C 3 H 6 , C 3 H 8 N 2 and SF 6 through the membranes deposited between150 °C and 400 °C. N 2 /SF 6 permeance ratioswere proportional to those C 3 H 6 /C 3 H 8 permeance ratios. This indicates that the separation mechanism of C 3 H 6 /C 3 H 8 permeation is due to a molecular sievemechanism,because, N 2 /SF 6 selectivity is considered as a molecular sieve mechanism. The maximum C 3 H 6 /C 3 H 8 permeance ratio was 12.1 through the membrane deposited at 320 °C. The permeance ratios and separation factor from C 3 H 6 /C 3 H 8 mixtures were the similar values.High temperature (320°C) C 3 H 6 /C 3 H 8 permselective membrane was successfully obtained. CCH 3 groups were remained at 320 °C deposition (shown in Fig. 4) . Thus, this membrane must be a silica organic composite membrane.
Fig. 8 C 6 H 6 /C 6 H 12 pervaporation results through the membrane deposited at 320 °C by changing O 3 flow rate Next, C 6 H 6 /C 6 H 12 separation was investigated. In order to separate C 6 H 6 from C 6 H 12 , pore size of the membrane should be controlled. C 6 H 6 is much larger than C 3 H 6 . Here, we had changed O 3 flow rate during the deposition. O 3 is decomposed in the reactor by thermal decomposition. So, the space velocity of the O 3 is important to change the O 3 concentration in the reactor. Fig.8 shows the pervaporation results through 4 membranes. O 3 flow rates are also described in the top of the figure. Selectivities of C 6 H 6 /C 6 H 12 through the membranesincreased with decreasing thetotal fluxes. The maximum selectivity was 113through the membrane prepared at 0.4 L min 1 of O 3 flow rate.The pore sizes of the PrTMOS/O 3 membranes deposited at 320 °C were controlled by changing O 3 flow rate. , and H 2 /SF 6 permeance ratio was 3030.H 2 permeance was about two orders times higherthan that through the membrane deposited at 600 °C. Decomposition phenomena of propyl groups on silica materials were investigated by using TG and IR measurement. Propyl groups on silica were remained at 320 °C of O 3 treatment. Thus, the membrane deposited at 320 °C was considered to be a silicaorganic hybrid membrane. 
4.CONCLUSIONS

ACKNOLEDGEMENT
